2؉ -independent immunoglobulin (Ig) superfamily proteins that participate in the organization of epithelial and endothelial junctions. Nectins have three Ig-like domains in the extracellular region, and the first one is essential in cell-cell adhesion and plays a central role in the interaction with the envelope glycoprotein D of several viruses. Five Nectin-like molecules (Necl-1 through -5) with similar domain structures to those of Nectins have been identified. Necl-1 is specifically expressed in neural tissue, has Ca 2؉ -independent homophilic and heterophilic cell-cell adhesion activity, and plays an important role in the formation of synapses, axon bundles, and myelinated axons. Here we report the first crystal structure of its N-terminal Ig-like V domain at 2.4 Å , providing insight into trans-cellular recognition mediated by Necl-1. The protein crystallized as a dimer, and the dimeric form was confirmed by size-exclusion chromatography and chemical cross-linking experiments, indicating this V domain is sufficient for homophilic interaction. Mutagenesis work demonstrated that Phe 82 is a key residue for the adhesion activity of Necl-1. A model for homophilic adhesion of Necl-1 at synapses is proposed based on its structure and previous studies.
The cell-cell adhesion systems play important roles in neuronal cell migration, axon-bundle formation, target-cell recognition, activity-dependent plasticity of synapses, and formation of complex glial networks, which surround axons and synapses (1) . Nectins are a novel family of Ca 2ϩ -independent immunoglobulin-like cell-cell adhesion molecules and comprise four members, termed Nectin-1 to Nectin-4 (2, 3). All Nectins have an extracellular region of three Ig-like domains, a single transmembrane region, and a cytoplasmic tail region (see Fig. 1 ) (2, 3) . Each Nectin forms a homo-cis-dimer, in which the monomers are aligned in a parallel orientation, which is then followed by formation of homo-trans-dimers in which cis-dimers from opposing cell surfaces interact in an anti-parallel orientation, causing cell-cell adhesion (4 -8) .
The first Ig-like domain is necessary and sufficient for the formation of homo-trans-dimers, whereas the second Ig-like domain is necessary for the formation of homo-cis-dimers (5, (7) (8) (9) . Furthermore, Nectin-3 can also form a hetero-trans-dimer with either Nectin-1 or -2, whereas Nectin-4 also forms a hetero-trans-dimer with Nectin-1 (4). The heterotrans-dimers are also mediated by the V domains (9) . Nectin-1 has been confirmed to serve as a receptor for all ␣-herpes viruses tested so far, including herpes simplex virus (HSV) 3 type 1, HSV type 2, and pseudorabies virus, facilitating their entry and cell-cell spread (10, 11) . Furthermore, the V domain of Nectin-1 has been demonstrated to play a central role in the interaction with the envelope glycoprotein D of HSV, pseudorabies virus, and bovine herpes virus-1 (12, 13) . Therefore, the V domain plays an essential role not only in homophilic and heterophilic trans-interactions but also in the process of virion entry (12, 13) .
Five molecules with an extracellular region containing three Ig-like domains, one transmembrane region, and one cytoplasmic region have so far been identified and are called Nectin-like molecules (Necls) ( Fig. 1) (2) . They include Necl-1 (Necl-1/TSLL1/SynCAM3/IGSF4B), Necl-2 (Necl-2/ IGSF4/RA175/SgIGSF/TSLC1/SynCAM1) (14 -17) , Necl-3 (Necl-3/similar to Necl-3/SynCAM2), Necl-4 (TSLL2/SynCAM4), and Necl-5 (Tage4/ PVR/CD155) (18) . Of these Necls, we focus here on Necl-1/TSLL1/ SynCAM3/IGSF4B, from now on referred to as Necl-1. Necl-1 was first sequenced, cloned, and submitted to GenBank TM by our laboratory (accession no. AF062733 (human), in 1998; accession no. AF195662 (mouse), in 1999). TSLL1 was identified as a TSLC1-like gene (19, 20) , and SynCAM3 was identified as a member of the SynCAM family (16) .
Necl-1 shares Ca 2ϩ -independent homophilic and heterophilic cellcell adhesion activity with Necl-2, Nectin-1, and Nectin-3, but not with Necl-5 or Nectin-2 (21) . Unlike the Nectins, Necl-1 does not bind afadin but instead binds membrane-associated guanylate kinase family members (MAGUK) that contain the L27 domain, including Dlg3, Pals2, and CASK (21) . RNA blot and in situ hybridization analysis showed that Necl-1 is specifically expressed in the nervous system, in a variety of brain regions, including the cortex, cerebellum, hippocampus amygdala, olfactory bulb, and medulla (21) . It localizes at the contact sites between two axon terminals, between an axon terminal and an axonal shaft, and between an axon terminal and glia cell processes in the cerebellum. Necl-1 most likely forms homo-trans-dimers at these sites (21) . In the peripheral myelinated nerve fibers, Necl-1 localizes at the contact * This work was supported by the 973Ј Project (Grants 2001CB510206, 2004CB520801, 2004CB518604, and 2005CB522400) and the Natural Science Foundation of China (Grants 30421003 and 30430200). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. sites between the cellular processes of Schwann cells at the nodes of Ranvier, where it most likely forms homo-trans-dimers (21) . However, because Necl-1 localizes at the axonal plasma membrane covered with Schwann cell plasma membrane, Necl-1 may form hetero-trans-dimers with other cell adhesion molecules, which remain unknown, at these sites (21) . To date, no crystal structure has been reported for any portion of any of Necls and Nectins.
To shed more light on the structure and function of Necl-1, we have crystallized the V domain. Here we describe its structure to 2.4-Å resolution and compare it with other known adhesion molecules. The protein was crystallized as a dimer, and a dimeric form was also observed in solution by size-exclusion chromatography and chemical cross-linking experiments, suggesting the first Ig-like domain of Necl-1 is sufficient for the homophilic interaction. A mutation in Phe 82 disrupted the formation of the dimer, indicating that hydrophobic interactions are very important for dimer formation and suggesting that Phe 82 may act as a key residue in the adhesion activity of Necl-1. Based on the crystal structure and previous studies, we also propose a V to V model for homophilic adhesion of Necl-1 at synapses. These studies reveal the architecture of this important class of adhesion molecules and provide fundamental insight into trans-cellular recognition mediated by Necl-1.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The human necl-1 gene was identified from a large-scale sequencing of human brain. The identification of full-length human necl-1 cDNA in our laboratory has been described by Zhou and colleagues (22) . A fragment containing the coding sequence of Ig-like V domain (corresponding to residues 25-135) was generated by PCR and then cloned into the bacterial expression vector pET32a (Novagen) with a His tag at the N terminus. The recombinant plasmid was transformed into Escherichia coli strain BL21(DE3) and overexpressed. Bacterial cells were homogenized by sonication in 1ϫ phosphate-buffered saline (10 mM sodium phosphate, pH 7.4; 150 mM NaCl). The lysates were clarified by centrifugation at 18,000 ϫ g for 30 min at 4°C. The supernatants were then loaded onto a nickel-nitrilotriacetic acid column (Qiagen), equilibrated with 1ϫ phosphate-buffered saline, and then digested with 500 g of thrombin protease for 16 h at 4°C. The target protein was washed down and further applied to Resource Q anion-exchange chromatography columns and Superdex-200 size-exclusion (Amersham Biosciences). The purified and concentrated protein (25 mg ml Ϫ1 ) was stored in 20 mM HEPES, pH 7.5, NaCl 100 mM at 193 K. The authenticity of the recombinant Ig-like V domain was confirmed by mass spectroscopy. The L-SeMet-labeled Ig-like V domain protein was also expressed in E. coli strain BL21(DE3). The cells were diluted with adaptive medium (20% LB medium, 80% M9 medium) and grown at 310 K to an A 600 of 0.6 -0.8. The cells were harvested and resuspended in M9 medium, transferred into restrictive medium (1% glucose), and then cultured to an A 600 of 0.6 -0. 8 There were no significant variations in expression levels or in purification patterns for the derivative in comparison to wild-type Necl-1 Iglike V domain (residues 25-135).
Gel-filtration Experiments-The molecular weights of both wild-type and mutant proteins were estimated by gel filtration. All gel-filtration experiments were performed using the same Superdex-200 column (Amersham Biosciences) with the same AKTA explorer system (Amersham Biosciences) under identical conditions, using 25 mM Hepes, pH 7.5, 100 mM NaCl, as an elution buffer, flow rate of 0.5 ml min Ϫ1 , fraction size of 0.5 ml, sample volume of 1 ml, concentration of protein samples of 5 mg ml Ϫ1 , and detection by absorbance at 280 nm.
Chemical Cross-linking of the Ig-like V Domain Protein-The gelfiltration purified proteins (including wild-type and mutant proteins) were concentrated to ϳ2 mg/ml by ultrafiltration (5-kDa cut-off). Proteins were cross-linked with ethylene glycol bis-succinimidylsuccinate (EGS) (Sigma). The reactions were incubated for 2 h on ice at different concentrations of EGS, respectively (0, 0.5, 1.0, 1.5, and 2.0 mM EGS), and quenched with 50 mM glycine. Cross-linked samples were analyzed under reducing conditions by 15% SDS-PAGE.
Crystallization and Data Collection-The protein solutions of Ig-like V domain of Necl-1 and L-SeMet-labeled protein used for crystallization contained 20 mM HEPES, pH 7.5, 100 mM NaCl, and 20 mg ml protein. Crystals optimized for x-ray diffraction were obtained using the hanging drop vapor diffusion technique with reservoir solution containing 4 M sodium formate. 1 l of protein solution was mixed with 1 l of reservoir solution and equilibrated against 200 l of reservoir solution at 291 K. The SeMet derivative crystal was grown from the same conditions. Multiwavelength anomalous diffraction (MAD) data for L-SeMetlabeled Ig-like V domain protein were collected using radiation of wavelengths 0.9788, 0.9793, and 0.9700 Å on beamline 3W1A at the Beijing Synchrotron Radiation Facility. The crystal was flash-frozen, and data were collected at 100 K to 2.4-Å resolution using a MAR charge-coupled device detector. Data were indexed and integrated using HKL2000 (23) and scaled and merged using SCALEPACK. The crystal belongs to space group C222 1 with unit-cell parameters a ϭ 77.1 Å, b ϭ 77.5 Å, and c ϭ 102.2 Å. The Matthews coefficient suggests the presence of two molecules in an asymmetric unit with an estimated solvent content of 47% (24).
Structure Determination, Refinement, and Analysis-The Ig-like V domain structure was solved by the MAD technique using L-SeMetlabeled protein. The Beijing Synchrotron Radiation Facility data sets were sufficient to solve the phase problem and yielded clear experimental electron density maps. One selenium position was determined, and initial phases were calculated by the program SOLVE (25) . Following density modification by RESOLVE (26) , the resulting electron density map was of sufficient quality that the entire model, with the exception of several residues at the termini, could be built. The program O (27) was used for manual rebuilding of the model, and further refinements by simulated annealing, energy minimization, B factor refinement, and water-picking were performed using crystallography NMR software (CNS) (28) .
Sequence alignment was performed using ClustalW (29) . Comparison of three-dimensional structures was carried out using the DALI server (30) . Structure figures were created using the program MOLSCRIPT (31) .
RESULTS
Structure of the Monomer-The structure of the N-terminal domain of Necl-1-(37-141) was solved by the MAD method (Table 1 ). It contains two ␤-sheets with a total of nine ␤-strands (Fig. 2) , which classifies it as an Ig-like domain of the variable type (V-set) (32 ) was observed in the monomer. The crystal structure confirms the prediction that Necl-1 belongs to the immunoglobulin superfamily.
Structure of the Dimer and Its Formation-There are two monomers (molecule A and molecule B) in one asymmetric unit with a root mean square deviation of 0.4 Å for the 104 C␣ atoms (Fig. 3A) . Using the program SURFACE (33, 34), we calculate the surface areas buried upon dimer formation as 1405 Å 2 (702.5 Å 2 per monomer). Further analysis revealed that two almost identical clusters of residues are responsible to the majority of the interactions at the dimer interface (Fig. 3B) . The most prominent feature of the hydrophobic pocket consists of two antiparallel aromatic rings of Phe 82 from CЈ ␤-strand, and the side chains of Lys 85 from CЉ ␤-strand of A, B molecules. Five other amino acid residues 
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from A and B molecules are also involved in the hydrophobic interaction (Table 2 and Fig. 3B ). These interactions are supported by eight hydrogen bonds between A and B molecules (Table 2 and Fig. 3B ). The interaction interface is further stabilized by eight hydrogen bonds via water molecules (Table 2 and Fig. 3B ). However, no salt bridge was observed in the dimer formation. Analysis of these amino acid residues found that all these residues involved in dimer interaction are mainly located to the C-CЈ-CЉ-D ␤-strands and intervening loops in Necl1 V domain, except Ser 68 is located in the B-C loop and Phe 123 , Thr 124 , and Met 125 are located in the F-G loop (Figs. 3 and 4B) .
Two further experiments demonstrated that the V domain dimer is physiologically relevant: (i) the purified protein elutes at the expected molecular mass for a dimer (ϳ32 kDa) by size-exclusion chromatography (Fig. 5A ) and (ii) chemical cross-linking further demonstrated that the V domain of Necl-1 forms a dimer (Fig. 5B) . Phe 82 Is a Key Residue for the Dimerization of the Necl-1 V DomainAnalysis of the dimer suggests that hydrophobic interactions provide the crucial force to maintain the dimer form of the Necl-1 V domain (Fig. 4A ) and that Phe 82 should play an important role in the adhesive activity of Necl-1. To test our hypothesis, Phe 82 was mutated to Ser. When the molecular size of the mutated protein was examined by gel filtration, the protein eluted as a monomer at ϳ16 kDa. This is in contrast to the wild-type form, which elutes as a dimer at ϳ32 kDa (Fig. 5A) . This result was further confirmed by subsequent chemical cross-linking with EGS. From the chemical cross-linking experiments, the dimer bands were clearly seen for the wildtype protein, although a monomer band was also observed. In contrast, no dimer band could be observed for the Phe 82 3 Ser mutant even in high concentrations of cross-linker (Fig. 5B) . We also observed an interesting phenomenon whereby the wild-type protein could form a dimer even without EGS, but the dimer was completely abolished when the sample was heated (Fig. 5B) . These results strongly suggest that: (i) the Necl-1 V dimer can exist under physiological conditions; (ii) hydrophobic interactions are the main force to maintain the dimer formation; and (iii) Phe 82 is a key residue for the dimerization of Necl-1 V domain.
Necls and Nectins May Share Similar Cell-Cell Adhesive Mechanism-There is some disagreement regarding the classification of Necl-5/PVR/CD155 in previous studies. In the review by Takai and colleagues, Necl-5/PVR/CD155 was categorized in the Nectin-like family (2), whereas it was categorized in the Nectin family in other articles (35, 36) . However, our phylogenetic analysis showed that Necl-5/PVR/CD155 is closer to the Nectin family than the Nectinlike family (22) , but its cytoplasmic tail does not bind to afadin. Therefore, we propose that it may be more rational to re-categorize Necl-5/PVR/CD155 into a new subfamily, which we have tentatively designated Nectin-related molecules, based on their homology to Nectin molecules but inability to bind to afadin (22) .
Sequence alignment shows that the full-length Necl-1of human and mouse share 87.3% identity at the amino acid level, and their V domains are almost identical except for the substitution of one Thr by Ser (Fig.  6A) , which indicates the high conservation of Necl-1 in evolution. The V domains of different Necl-1 to Necl-4 share identities ranging from 36 to 65%. Residues involved in salt bridge formation (Arg 92 -Asp 114 ) in the monomer are completely conserved. Further analysis indicates that the majority of residues in the dimer interface are highly conserved in the V domains of different Necl members (Fig. 6B) , which leads to the suggestion that these molecules form similar dimeric structures and may function in a similar way.
Previous studies showed that Nectin-1 forms hetero-trans-dimers with Nectin-3 and Nectin-4, and these interactions are mediated through trans V to V domain interactions (4, 9) . Further studies using chimeric Nectin-1/PVR receptors have shown that the minimal Nectin-3 and Nectin-4 binding region on the Nectin-1 V domain was mapped to the C-CЈ-CЉ-D ␤-strands (5, 37). It may not be mere coincidence that the binding region in Necl-1 V domain is mainly located in the C-CЈ-CЉ-D ␤-strands and intervening loops. These studies suggest that Nectins have a similar structure to Necls, and their extracellular domains mediate cell adhesion by a similar binding mechanism, despite sharing only ϳ20% identity at the amino acid level. The immunoglobulin family has been demonstrated to share higher homology in structures than in amino acid sequence (32) . Thus, the structure of the N-terminal domain of Necl-1 offers a framework for predicting the oligomeric state of other members of the Necl and Nectin family.
Several members of the Nectin and Necl family serve as virus receptors. Human Nectin-1 (poliovirus receptor-related 1 protein) serves as a receptor for all ␣-herpes viruses. Nectin-2 is also a herpes virus receptor, although for a more restricted set of viruses, and Necl-5 was originally identified as the poliovirus receptor (4, 5) . It has been shown using chimeric Nectin-1/poliovirus receptor molecules that the first N-terminal V-type domain of human Nectin-1 mediates virus entry into cells and also binds glycoprotein D, whereas the HSV entry activity mapped entirely to the human Nectin-1 portion located between residues 64 and 94, a region likely to encode the C, CЈ, and CЉ ␤-strands and intervening loops (23). In our structure, the binding region in the V domain of Necl-1 was also No experiments have so far been reported to confirm that Necl-1 serves as a virus receptor; if it were the case, the virus binding region would possibly be located in the C-CЈ-CЉ-D ␤-strands and intervening loops. Therefore, the structure of the first N-terminal domain may provide a mechanism for virus binding to Nectins and Necls.
Comparison with Other Adhesion Molecule Structures-Comparison of three-dimensional structures was carried out using the DALI server (30) . A structural alignment for the Necl-1 V domain was constructed manually by superposition of three-dimensional structures (with high scoring molecules) and correlation of related sequences. Although several overall structures of proteins are similar to the Necl-1 V domain, it was most homologous to one known domain structure in one molecule and to a different domain structure in another molecule. Because the Necl-1 V domain shares a relatively high degree of homology to the D1 domains of NCAM (PDB ID: 2NCM) and mJAM1 (PDB ID: 1F97-A), the C␣ atoms of these three adhesion molecules were superimposed to analyze their structural similarities (see Fig. 8 ). The three proteins all belong to Ca 2ϩ -independent Ig superfamily. NCAM is a glycoprotein expressed on the surface of most cells in the central and peripheral nervous systems, it plays a key role during development and regeneration of the nervous system, and is involved in synaptic plasticity associated with memory and learning (38, 39) . NCAM D1 lacks the CЉ strand, which classifies it as an intermediate type (I-set) Ig-like domain (38) (Fig. 7) . It may not be mere coincidence that the closest available homologous structure to V domain of Necl-1 is the NCAM D1 domain, because the presence of both Necl-1 and NCAM in central and peripheral nervous systems may indicate a recent evolution from a common precursor. The biological function of Necl-1 is not clear; however, available evidence suggests that it localizes at the contact sites of axons, their terminals, and glia cell processes that cooperatively form synapses, axon bundles, and myelinated axons.
Junctional adhesion molecule-1 (JAM1) is an Ig superfamily protein with two Ig-like domains in its extracellular region; it plays a role in the formation of endothelial and epithelial tight junction and serves as a receptor for reovirus (40) . Although both JAM1 D1 and Necl-1 V domains belong to the same Ig-like V-set type, there are several differences, and their structures can be superimposed with a root mean square deviation of 4.7 Å for 100 C␣ atoms. The strands C and CЈ in the JAM1 D1 domain are much longer than those in Necl-1, and its strand CЉ is not typical. The D and E strands in JAM D1 are much shorter than those in the Necl-1 V domain due to the lack of five residues in this part (Fig. 7) . From the above analysis, we can see that the biggest difference among Necl-1, NCAM, and JAM1 D1 domains lies in their C-CЈ-CЉ-D ␤-strands, which may partly account for their different binding mechanisms in cell adhesion.
Recently, a novel structural motif, R(V/I/L/)E, has been described in the D1 domain of the three known JAM1, -2, and -3 members, which was shown to be essential for the cis-dimerization of the molecule (40) . Interestingly, this consensus motif is also present between the CЉ and D ␤-strands in the V domain of Necl-3 (residues 88 -90), Necl-4 (residues 95-97), Necl-5 (residues 114 -116), Nectin-1 (residues 96 -98), and Nectin-4 (residues 120 -122) but is absent from Necl-1. Additional experiments will be necessary to study whether this motif plays a role in the adhesive activity of Necls and Nectins. 
DISCUSSION
A Model for Homophilic Adhesion of Necl-1 at Synapses-Tissue distribution analysis showed that Necl-1 is specifically expressed not only in the central nervous system but also in the peripheral nervous system. Immunofluorescence and immunoelectron microscopy revealed that Necl-1 localized at the contact sites of axons, their terminals, and glia cell processes that cooperatively form synapses, axon bundles, and myelinated axons. In peripheral myelinated nerve fibers, Necl-1 was localized at the contact sites of the cellular processes of Schwann at the nodes of Ranvier. At these locations, Necl-1 showed Ca 2ϩ -independent homophilic and heterophilic cell-cell adhesion activity with Necl-2, Nectin-1, and Nectin-3 but not with Necl-5 or Nectin-2 (21) .
Previous studies on Nectins showed that each Nectin first forms cisdimers, then forms trans-dimers, eventually causing cell-cell adhesion (4 -8) . In the structure of the Necl-1 V domain, two monomers should be antiparallel, although there is still an angle between them, which shows that the dimer should be a trans-dimer. Combining all available evidence, we propose a model for Necl-1 interactions at synapses. Similar to the mode of action of Nectins, it is likely that Necl-1 first forms cis-dimers through the second Ig-like loop, and then forms transdimers through the first Ig-like loop, eventually causing neural cell adhesion. If we repeat this structural motif of two dimers over several neighboring unit cells, we obtain a two-dimensional molecular network in which the N-terminal V domains contact each other in a common central plane. The C-terminal domains extend almost perpendicular from either side of that plane, as if they were emanating from opposing cell surfaces (Fig. 8) .
The structure of the Necl-1 V domain also provides evidence that the trans-interaction between Necl-1 is mediated through direct V to V Ig-like domain interactions. We estimate the V domain to be ϳ40 Å in length (Fig. 2) , so the V to V domain interaction is compatible with the size of the intercellular space at synapses, which has been evaluated to be 20 -30 nm. Thus, it is reasonable from a structural basis that Necl-1 localizes and mediates cell-cell adhesion at synapses. The V to V model of Necl-1 trans-homodimer interactions could probably be extended to Necl-1 trans-heterodimer interactions with Necl-2 and Nectin-1 because of their similar domain structures.
The C-terminal cytoplasmic region of Necl-1 does not bind afadin but instead binds members of the MAGUK subfamily that contain the L27 domain, including Dlg3, Pals2, and CASK (21) . Zhou and colleagues (22) also demonstrated that Necl-1 can recruit protein 4.1N to the plasma membranes through its C terminus. By associating with the F-actin cytoskeleton though proteins Dlg3, Pals2, CASK, and 4.1N, Necl-1 may play important roles in synaptic architecture and function and is involved in the morphological development, stability, and dynamic plasticity of the nervous system (22, 41) . Thus, the homodimer interaction of Necl-1 and its heterodimer interactions with other molecules may not only lead to cell-cell adhesion but also play a role in signal transduction in neural systems.
